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 1 
Abstract 
 
  
 A grain boundary complexion is a distinct structure/composition that is in 
thermodynamic equilibrium with the abutting phases. Grain boundary complexions can 
undergo transition with a change in temperature, pressure, or composition, resulting in 
discontinuous changes in the interface properties.  
 The first part of this present work aims to link the grain growth kinetics to the 
structures of grain boundary complexions in Eu-doped spinel. This system is chosen for 
this purpose because it exhibits a strong propensity for abnormal grain growth (AGG). It 
was found that Eu-doped spinel exhibits three different types of segregation behaviors in 
a temperature range of 1400 °C-1600°C. The different types of complexions result in 
different transport kinetics, leading to a dramatic change in grain boundary mobility. The 
temperature where such a transition occurs is in the range of 1500 °C. The complexion 
underwent a transition from sub-monolayer (considering type I) below the transition 
temperature to a bilayer (type III) above the transition temperature. Moreover, it was 
found that the grain boundary character anisotropy is increased as a result of the 
complexion transition. The change in grain boundary character has a significant influence 
on anisotropy in grain-boundary energy, which is also consistent with a parallel study of 
the change in grain boundary energy in tri-crystal samples. As a result of complexion 
transitions, the relative grain boundary energies in Eu-doped spinel decrease 33-38% in 
different boundaries compared with undoped samples.  
 
 2 
The kinetics of the complexion transitions was further investigated. A systematic 
study of the time and temperature dependence of grain boundary complexion transitions 
was conducted at a temperature range of 1400-1800 °C and used to produce a grain-
boundary complexion TTT diagram. The Johnson-Mehl-Avrami fitted curve method was 
used to determine the start and finish lines in the complexion TTT diagram. 
Complexion TTT diagrams summarize the kinetics of complexion transitions and 
can therefore be used to design optimized heat treatments. To obtain coarsening-limited 
microstructures (i.e. nanocrystalline material), complexion transition should be avoided 
in the heat treatment schedule. To produce bimodal microstructures, partial complexion 
transition is favorable in the heat treatment pathway. Finally, single crystal conversion 
may be achieved via controlled abnormal grain growth to nucleate a single abnormal 
grain and grow at the optimal heat treatment.  
It is believed that complexion TTT diagrams have the potential to be a useful tool 
to engineer material properties by controlling complexion transition, which will be 
critical to advancing the state of the art in the field of grain-boundary engineering. 
 
 
 
 
 
 
 3 
Chapter 1 
 
Introduction 
 
 
 
 
 
 
1.1 Motivation 
 
Most engineering materials consist of many individual single crystals (grains) 
joined together. The transition region between two grains is known as a “grain 
boundary”, which can be considered as a distinct phase-like entity called a complexion. 
The complexion structure, chemistry and properties may change with a change of 
thermodynamic variable (i.e. temperature, pressure, composition). When the grain 
boundaries undergo complexion transition, there can be an abrupt change in the 
microstructure and properties such as mobility, diffusivity and cohesive strength1. 
Therefore, understanding complexions and their transitions is critical to determining the 
processing and properties of engineering materials. 
 In bulk materials, the kinetics of phase transformation are commonly described by 
a time-temperature-transformation (TTT) diagram. By making alteration in heat treatment 
parameters such as time and temperature, the yield phase can be precisely controlled. 
Complexions exhibit phase-like behavior 1 and it has been shown that their transitions 
 4 
can be represented on a TTT diagram 2. It is believed that complexion TTT diagrams 
have a potential to advance material processing and properties by controlling the 
complexion transitions. However, the field of complexion TTT diagrams is still at the 
beginning stage. So far, only two complexion TTT diagrams have been established2 and 
the protocols to construct and utilize complexion TTT diagrams are not yet developed. 
The current study is motivated by the need for controlling material microstructure 
through the understanding of complexion kinetics. This study is directed toward a 
fundamental understanding of two aspects: (i) thermodynamics and (ii) kinetics of 
complexion transitions. The first objective is to identify grain boundary complexions and 
their transition that may exist in the system of interest at thermodynamic equilibrium 
state. The second objective is to study the kinetics of complexion transitions as a function 
of temperature and time with the goal of establishing a complexion TTT diagram for a 
new model system, Eu-doped spinel. The established diagram is then exploited to 
produce different types of microstructure by design.  
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Chapter 2 
 
 
Background 
 
 
 
 
This chapter provides a brief review of the relevant literatures for the current 
work. The principles of normal grain growth and abnormal grain growth are summarized.  
The process of single crystal conversion with controlled abnormal grain growth is then 
described. Subsequently, the detailed characteristics of grain boundary complexions 
including classification, complexion diagram and characterization are illustrated. Lastly, 
an overview of the material system of interest: europium-doped magnesium aluminate 
spinel (Eu-doped spinel) is given. 
2.1 Grain growth  
 
Grain growth is a process by which the average grain size increases at elevated 
temperatures with times. The driving force for this process is the reduction in total 
interface energy by decreasing the grain boundary area. Grain growth is classified into 
two main types: normal and abnormal. In normal grain growth, the average grain size 
uniformly increases. The grain size distribution form is self-similar. In abnormal grain 
growth, a few grains grow relatively faster than the surrounding matrix grains resulting in 
 6 
a bimodal grain size distribution 3,4. Many properties such as fracture toughness, strength, 
creep resistances, electrical properties 5,6 are dependent on grain size and density. 
Controlling grain growth is therefore one of the crucial factors in the fabrication process 
for achieving the desired properties.  
2.1.1 Normal grain growth 
 
 For normal grain growth, the average grain size uniformly increases as the 
annealing temperature or time increases. The driving force of grain growth is dependent 
on the curvature of the grain boundary. As shown in Figure 2. 1, schematic illustration of 
a 2-dimentional microstructure, in which the grain with less than 6 sides will shrink while 
those with more than 6 sides will grow 7,8. 
 
Figure 2. 1 Schematic showing the effect of grain array (convex and concave) in 2-D 
microstructure on the preference for grain to grow and shrink; more than 6-sided grains 
curve inward (adapted from 9) 
 
 
 7 
The classical theoretical model of Burke and Turnball 8 analyses the grain growth 
process as occurring by transport of atoms across the grain boundary under the driving 
force of the pressure/chemical potential gradient. Their model was derived under 
following assumptions. 
1. The driving pressure/chemical potential is only due to the curvature of the 
boundary. 
2. There is no drag force acting on the boundary due to particle or solute. 
3. The grain boundary energies (γgb) and mobilities are isotropic. 
Considering these assumptions, the grain growth rate and grain boundary velocity (vb) 
can be related as given in equation ( 2. 1 ).  
 
 
( 2. 1 ) 
Where Mb is boundary mobility and Fb is the driving force for boundary migration 
and G is the grain size. Locally, the driving force of grain boundary motion is the 
curvature of the grain boundary. The pressure difference across the boundary can be 
described in terms of principal radii of curvature (r1 and r2) and assuming that the radius 
is proportional to G, as expressed in equation ( 2. 2 ). 
 
 
( 2. 2 ) 
Where α is a geometric constant, which is dependent on the shape of the 
boundary. For many analyses, the driving force is used as the pressure difference across 
the boundary. Combining equation ( 2. 1 ) and ( 2. 2 ), vb can be rewritten as  
dG
dt
= MbFb = vb
∆P = γ gb(
1
r1
+
1
r2
) = γ gb
α
G
 8 
 
 
( 2. 3 ) 
By integrating Equation ( 2. 3 ) the grain growth law can be expressed as follow;  
  ( 2. 4 ) 
Where G0 is the initial grain size at t=0, the grain growth constant (K) is defined 
as a product of 2αγMb. In practice, the grain growth kinetics do not follow the prediction 
from equation ( 2. 4 ), they usually follows the general equation as; 
 
 
( 2. 5 ) 
The grain growth exponent (n) is often found in the range of 2 to 4 depending on 
the grain growth mechanism. The exponent n=2 is often attributed to intrinsic grain 
growth controlled by grain boundary diffusion normal to the boundary. Other 
mechanisms of grain growth such as diffusion through lattice, coarsening, pore drag, 
second phase pinning are often found to have an exponent n >2.   
 
 
 
 
 
 
 
 
 
vb =
dG
dt
= Mb (
αγgb
G
)
G2 −G0
2 = 2αγ gbMbt = Kt
Gn −G0
n = Kt
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2.1.2 Abnormal grain growth   
 
Abnormal grain growth (AGG) is a phenomenon in which particular grains have 
faster grain boundary velocities than those of the surrounding matrix grains, as shown in 
Figure 2. 2. The velocity of a particular grain boundary is dependent on grain boundary 
mobility, grain boundary energy and grain boundary curvature 10. 
 
Figure 2. 2 Schematic of abnormal grain growth, a large grain growing into a matrix of 
uniformly sized grain 10 
 
 Abnormal grain growth is favored for the grains with boundaries that have higher 
mobilities. The grain boundaries with low energy often have lower grain boundary 
mobilities than high energy grain boundaries. In this study, the kinetics of unimpinged 
abnormal grain is determined by characterized the grain growth of the normal and 
unimpinged abnormal grain as a function of time. The driving force of the growth of 
abnormal grain is related to the grain growth of the matrix grain in the microstructure. 
The grain growth rate of an abnormal grain is generally expressed by Equation ( 2. 6 ) 
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( 2. 6 ) 
Where GA is the abnormal grain sizes, MAb is the grain boundary mobility of 
abnormal grain and kA is abnormal grain growth constant. G can be expressed as K
1/n t1/n 
as a approximate version of normal grain growth law. By integrating equation ( 2. 6 ), the 
growth of abnormal grain in the matrix of normal grains can be expressed as follow; 
 
 
 
( 2. 7 ) 
Where GA0 is the initial abnormal grain size. For n=2, Equation ( 2. 7 ) can be given as   
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2.2  Single crystal conversion with controlled abnormal 
grain growth 
 
 
The ability to control abnormal grain growth is remarkably beneficial in terms of 
single crystal fabrication. The absence of defect associated with grain boundary in single 
crystal often provides unique properties (i.e. mechanical, optical and electrical) for a 
variety of applications such as piezoelectrics, lasers, light emitting diodes 11–13.  
Two different processes have been developed to obtain single crystal conversion 
by utilizing abnormal grain growth. The first process is solid-state single crystal growth 
(SSCG). In this method, a single crystal seed is embedded in polycrystalline body to 
initiate the conversion process as shown in Figure 2. 3 14. Theoretically, the seed crystal 
will grow and consume other grains in a polycrystal. It is very important that grain 
growth of matrix grains is minimal and there is no impinge of matrix grain against a seed 
crystal. Although, this process has been successfully in several systems such as BaTiO3 
and some piezoelectric materials (i.e. PMN-PT and PMN-PZT), it is still challenging to 
prevent pore trapped and multiple nucleation events during a conversion process 15.  
The second process does not require seed crystals. A single crystal is grown from 
an abnormal grain that is nucleated within the microstructure. The optimization of 
nucleation rate and grain growth rate of abnormal grain are simultaneously in need. This 
type of process has been successfully produced single crystal up to 10 cm in length in 
alumina 16–18. It has been suggested that the dopant type, dopant concentration, impurities 
or the structures of grain boundary may have a significant influence on abnormal grain 
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growth. In alumina, it was observed that the CaO impurities segregated to the boundary 
and formed wetting intergranular film, resulting in high mobile grain boundary 16. 
 
 
Figure 2. 3 Schematic of solid-state single crystal growth 14. 
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2.3 Grain boundary complexion 
 
It has been stated that the boundaries between the adjacent crystals or grains play a 
critical role in determining the properties and processing of engineering materials, 
especially in metals and ceramics. Traditionally, the grain boundaries are considered to 
be planar, non-transformable two-dimensional defects, which are only dependent on the 
crystallographic misorientation across the interface and acts as a source or sink for 
segregating atoms. However, the explanation of various grain boundary phenomena such 
as abnormal grain growth, embrittlements remains unresolved using this concept.  
A new scientific concept, which provides in-depth understanding of grain 
boundaries and enables to answer fundamental insight on abnormal grain growth and 
embrittlement phenomena has been developed by Dillon and Harmer 19. This concept was 
established based on comprehensive work on grain growth kinetic in alumina and high-
resolution electron microscopy. In contrast to the traditional concept, grain boundaries 
are considered as completely distinct phases with a three-dimensional structure at the 
atomic level that can depend on thermodynamic variables such as composition, 
temperature, pressure etc. These grain boundary “phases” are named “complexion”. A 
grain boundary complexion has been concisely defined as  
“An interfacial material or strata that is in thermodynamic equilibrium with the 
abutting phase(s)” 
1
. Complexions are different from bulk phases in that they are 
only stable within the confinement of the grain boundaries and their composition 
and structure can be different from the abutting phases. 
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2.3.1 Classification 
 
Six different complexion types have been identified in high-purity alumina with 
various types of dopants and concentrations19–23. This family of complexions exhibits 
different grain boundary mobilities in several orders of magnitude as shown in Figure 2. 
4. The mobility generally increases with an increase in the disorder within the core of the 
grain boundary. Complexion I represents monolayer segregation of dopants or impurities. 
This regime shows the slowest grain boundary mobility. Complexion II is clean grain 
boundary of intrinsic grain growth associated with undoped material and has faster 
mobility than Complexion I. Bilayer, trilayer, and nanolayer segregation are identified as 
Complexion III, IV and V, respectively. Wetting layer of segregated atoms, which is 
identified as the complexion VI shows the fastest grain boundary mobility. Atomic scale 
structures of grain boundary that corresponds to each complexion type are shown in 
Figure 2. 5. 
In addition to alumina, complexions have been observed in other ceramic and 
metallic systems such as yttria, spinel, Cu-Bi 24–28. A complexion transition occurs as the 
interface transform from one complexion type to another with a change in 
thermodynamic vaiables (temperature, pressure, composition etc.). Cahn classified the 
complexion transition into two types, which are congruent and non-congruent as shown 
in  Figure 2. 6. A congruent transition has occurred if the structure/chemistry changes 
while the morphology of the grain do not change with transformation. Non-congruent 
transitions occur as the transitions involve the change of grain boundary 
structure/chemistry and the grain boundary facet into new orientation or during a 
dissociation transition of a wetting film.  
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Figure 2. 4 Schematics of six different types of complexion and the corresponding 
mobility regime in doped alumina. 
 
 
 
Figure 2. 5 High angle annular dark-field scanning transmission electron micrographs of 
six discrete Dillon-Harmer complexions in undoped and doped alumina (I) Monolayer 
(II) Clean (III) Bilayer (IV) Trilayer (V) Nanolayer and (VI) Wetting. 
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 Figure 2. 6 Schematic diagrams showing different types of complexion transitions and 
different ways of categorizing complexions. 
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2.3.2 Grain boundary complexion diagram 
 
  Grain boundary complexions can be defined as a function of thermodynamic 
variables such as composition, temperature and pressure. At equilibrium state, 
complexion can be represented as a diagram, which is comparable to a bulk phase 
diagram. Figure 2. 7 shows the bulk phase diagram and a corresponding complexion 
diagram. It is essential to point out that the complexion diagram here is for general 
illustration purpose and is expected for the average boundary in the system. Not all the 
grain boundaries in bilayer region have bilayer complexion, rather some of the 
boundaries may have a monolayer complexion. 
 
 
 
Figure 2. 7 A schematic of (a) bulk phase diagram for eutectic system and (b) complexion 
diagram overlaid onto the bulk phase diagram 1 
 
  Although this complexion diagram can provide fundamental of the complexion at 
thermodynamic state, it is very important to take the kinetic factor of complexion 
transition and grain boundary character into consideration.  
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It has been shown by Bojarski et al. 29 that a grain boundary with higher energy 
has lower activation barrier for nucleation for a new complexion as compared to a grain 
boundary with lower energy. Additionally, it was observed that the complexion transition 
temperature is time dependent. For shorter annealing time, the transition temperature was 
observed to be higher as compared to longer annealing time. This type of time-
temperature dependence of complexion can be represented on complexion TTT diagram 
in a similar manner to bulk phase TTT diagram as shown in Figure 2. 8. 
 
Figure 2. 8 Schematic illustration of a complexion TTT diagram for a low temperature 
(monolayer) to high temperature (bilayer) complexion transition 
 
Recently, the complexion TTT diagram for 10%Yb/1%Er codoped Y2O3 and 500 
ppm Y-doped alumina were mapped 2. In 10%Yb/1%Er-doped Y2O3, a dramatic change 
in grain growth kinetic was observed between 1450 °C and 1470 °C for sample annealed 
for 5 hours. Such discontinuous change was associated with the complexion transition. 
The resulting microstructures were analyzed and plotted in time-temperature axes to 
create TTT diagram as shown in Figure 2. 9. The line between blue circles and red circles 
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represent complexion transition temperature indicating that complexion transition occurs 
at shorter time at higher temperature.  
 
 
Figure 2. 9 Grain boundary complexion TTT diagram for 10%Yb/1%Er-doped Y2O3  
 
In Y-doped alumina, the grain growth kinetic was investigated on a sandwich 
sample in which Y-doped alumina polycrystal are in between (0001)/C plane and (1120)/ 
A plane single crystals. The A plane is considered as a high energy plane while the C 
plane is a low energy plane. The percentage of A-plane and C-plane boundary 
transformation at different temperatures and times was calculated by measuring the 
length of abnormal grain boundaries along the single crystal interfaces. The complexion 
transition kinetics was quantified using Johnson-Mehl-Avrami equation. The fitted 
Avrami curves were then extrapolated to establish the time at which 10%, 50% and 90% 
of complexion transformation at 1500 °C and 1600 °C as shown in Figure 2. 10. 
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Figure 2. 10 Grain boundary complexion TTT diagram for Y-doped Al2O3, showing the 
complexion transition for grain boundaries along C-plane and A-plane at 1500°C (solid 
markers) and 1600 °C (open markers) 2 
 
The field of complexion kinetics is still under development and many challenges 
must be overcome. The current work will add insight into how to construct, understand, 
and utilize complexion TTT diagrams by selecting an appropriate heat treatment strategy 
to achieve the desired microstructure. 
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2.4 Characterization of grain boundary complexions 
 
This section describes methods/ techniques that can be used to characterize the 
grain boundary complexion. The techniques can be generally classified into 2 groups: 
direct and indirect methods. High-resolution electron microscopy is the most direct 
method that provides visualization of grain boundary structure and composition across 
the grain boundaries. Moreover, an abrupt change in grain boundary properties such as 
mobility, diffusivity and mechanical properties etc. is often the indicator of complexion 
transition in that boundary 21,22,30. The combination of both techniques is the best 
approach to characterizing grain boundary complexions. Both direct and indirect 
methods/techniques have been used in this study. 
2.4.1 Direct characterization  
 
 High resolution imaging techniques such as aberration corrected high resolution 
transmission electron microscopy (HR-TEM), high angle annular dark field scanning 
transmission electron microscopy (HAADF-STEM) are very powerful techniques that 
have been used for characterizing the structure and chemistry of grain boundaries. These 
methods provide very precise atomic-scale images and quantitative composition analysis 
of an individual grain using energy-dispersive X-ray spectroscopy (EDS) or electron 
energy loss spectroscopy (EELS). Although, these methods enable the direct observation 
of grain boundary complexions, they are highly selective and time consuming. Besides, 
certain requirements must be met for TEM imaging. For example, the grain boundary 
must be in the “edge-on” condition 1.  
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This restriction prohibits high-angle grain boundary in polycrystalline material, 
which may prohibit the important grain boundary complexion for being identified.  
2.4.2 Indirect characterization  
2.4.2.1 Grain boundary mobility 
 
Measuring the change in grain boundary mobility through grain growth kinetic 
studies is one the convenient methods to identify complexion transition. In fact, Dillon 
and Harmer used this approach to identify six different mobilities in undoped and doped 
alumina. The mobility calculations and equations related to normal and abnormal grain 
growth are described in section 2.1. 
2.4.2.2 Grain boundary energy 
 
It has been shown that complexion transition can be correlated with change in 
relative grain boundary energy23,31–33. While direct measurement of grain boundary 
energy is not straightforward, instead it is possible to determine the relative grain 
boundary energy by using dihedral angle (Ψs) of the thermal grooves.  If we assume that 
the surface energies are independent of its orientation, the relative energy of a grain 
boundary (γgb ) to the adjacent grain surface (γs) can be expressed using Equation ( 2. 9 ). 
 
 
( 2. 9 ) 
The grain boundary groove angle (β) can be determined using the geometric 
parameters of the groove width (w) and depth (d), as presented in Figure 2. 11(a) using 
Mullins analysis 34. This analysis assumes that the groove formed from the surface 
diffusion, independent of crystal orientation and the grain boundary plane is normal to the 
γgb
γ s
= 2cos
ψs
2
= 2sinβ
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surface. Although these assumptions may not be applicable for a single grain boundary, it 
has been proved that the statistical distribution and mean value has meaningful quantities 
35,36. The grain boundary groove angle (β) can be calculated as follow;  
 
 
                                                      
( 2. 10 ) 
Saylor et al. 36 demonstrated how to use an atomic force microscopy (AFM) to 
accurately measure the width and height of grain boundary thermal groove. Relative 
grain boundary energies calculated from the measurement are consistent with accepted 
values. Since then, this technique has been widely used in several studied including 
bicrystal and polycryatalline materials. Dillon et al. 23 later adopt this method and 
modified the Mullins’ analysis using dihedral half angle to calculate relative grain 
boundary energy as illustrated in Figure 2. 11(b). 
Several studies has been shown that complexion transition is associated with the 
reduction in the relative grain boundaries energy 23,25,31,32. An example, as shown in 
Figure 2. 12 shows that the abnormal grains, which have a bilayer complexion, show 
lower relative grain boundary energy than normal grains with a monolayer complexion. 
 
 
Figure 2. 11 Grain boundary groove parameters (a) Mullins’ analysis of complete 
dihedral angle and (b) modified Mullins analysis using the dihedral half angle. 
β = tan−1(4.73 d
w
)
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Figure 2. 12 Cumulative distribution of dihedral angles and relative grain boundary 
energies in neodymia-doped alumina annealed at 1400°C with normal (monolayer 
complexions) and abnormal (bilayer complexions) grain boundaries 31 
 
2.4.2.3 Distribution of grain boundary plane (GBPD)  
  
The changes in grain boundary energy have an indirect affect on the distribution 
of the grain boundaries. It has been observed in several cases that complexion transition 
change the distribution of grain boundary character (GBCD) and grain boundary plane 
(GBPD, two-parameter GBCD)25,32,37,38. In Ca-doped yttria, the sample with normal grain 
size distribution (before complexion transition) shows nearly isotropic, with a mild 
preference for grain boundaries with (111) planes, whereas the sample with abnormal 
grain growth (after complexion transition) show a strong preference for (100) grain 
boundary planes as shown in Figure 2. 13. 
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Figure 2. 13 EBSD micrograph (top) and the distributions of grain-boundary planes 
(bottom) of Ca-doped yttria (a,c) before some boundaries undergo complexion transition 
(b,d) after some boundaries undergo complexion transition 32 
The GBPD (two parameter GBCD) can be quantified by conducting stereological 
analysis of each grain boundary line segment from several two-dimensional EBSD maps. 
The line segments can be then transformed to the crystal reference frame. The 
corresponding number of set of possible planes in the sample is statistically determined. 
The most common grain boundary planes are those with low surface energies. A detail 
description of the analysis has been described and published by Saylor et al. 39. 
 The scale for this plot exhibits in multiples of a random distribution (MRD). If the 
MRD value is less than one, it means there is a lower possibility of that boundary plane 
occurring in the system. When the MRD is greater than one, it indicates the high 
probability of the boundary plane. The GBPD calculations in this current work were 
conducted by Madeleine N. Kelly (Department of Materials Science and Engineering, 
Carnegie Mellon University) 
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2.5 Material overview 
2.5.1 Magnesium aluminate spinel 
 
Magnesium aluminate spinel (MgAl2O4 or spinel) is an isotropic cubic material 
with Fd3m space group. The crystal structure is constructed of a face centered cubic array 
of oxygen (O) ions. Magnesium (Mg) and aluminum (Al) cations are located in 
tetrahedral and octahedral sites. A unit cell contains 32 oxygen ions, 16 octahedral ions 
and 8 tetrahedral ions as shown in Figure 2. 14. The lattice parameter of spinel is 0.808 
nm.  
 
Figure 2. 14 Schematic of MgAl2O crystal structure. Mg ions sit at tetrahedral 
sites while Al ions occupy octahedral sites; unoccupied tetrahedral sites are represented 
by (blue) triangles and octahedral sites are shown by (green) cubes 40  
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Polycrystalline magnesium aluminate spinel is a transparent ceramic that offers 
high strength (135–216 MPa), high hardness (16 GPa), low density (3.58 g/cm3) 40 and 
wide range of optical transparency (visible and mid-IR regions)41–43. With a cubic 
structure, spinel has an advantage over other transparent ceramics (Al2O3, AlON) in 
terms of no inference birefringence. Spinel is an excellent candidate for many 
applications such as laser applications 44, transparent missile domes 45, transparent armor 
46 and spacecraft windows. It is advantageous to produce a fined- grain polycrystalline 
spinel so that better mechanical properties, high strength and lower sintering temperature 
can be achieved. Transparent spinel is typically fabricated by hot pressing of spinel 
powder with LiF as an additive. Although transparency is achieved from this process, the 
microstructure is highly non-uniform, resulting in diminishing strength and fracture 
resistance.  
 Up to now, spinel has not yet been commercialized, due to the fact that the spinel 
fabrication process is expensive, the sintered microstructures are not sufficiently 
controlled and the formation of spinel is not well understood. Researchers have been 
studying spinel in two aspects. Some researchers focus on densification and grain growth 
mechanisms in spinel 47,48 while other attempt to produce transparent spinel 49–56. To 
obtain fully transparent spinel, the porosity is restricted to 0.1% and pore diameter less 
than 20 nm 57. Moreover, impurities such as sulfur, calcium, silicon, titanium in the ppm 
level can affect microstructure and cause scattering and opacity. The impurities also 
segregate at the grain boundary and affect the grain boundary mobility.  For example, 
titanium can alter the defect population within the cation lattice and promote abnormal 
grain growth 58. 
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2.5.2 Rare earth doping of magnesium aluminate spinel 
 
Rare earth elements have low solubility in spinel crystals and are likely to 
segregate at the boundaries. There is evidence of complexion type at the grain boundaries 
of rare-earth doped spinel. Perkin et al.59 reported evidence of europium (Eu) cations 
segregated as a monolayer at the grain boundary in polycrystalline spinel as shown in 
Figure 2. 15(a). Recent work from Cao et al.27 observed a staggered monolayer of 
ytterbium (Yb) at the bicrystal boundary (Figure 2. 15 (b)). Moreover, a 30% increase in 
fracture toughness was found in the sample with Yb segregation. As mentioned 
previously, complexion transitions can occur with a change in thermodynamic variables 
(temperature, composition, or pressure). As a result, there can be a dramatic change in 
properties, which in this case is fracture toughness. 
 
 
Figure 2. 15 HAADF STEM images of monolayer segregation of cations at the boundary 
in  (a) Eu-doped polycrystalline spinel 59 and (b) Yb-doped bicrystal spinel 27 
 
 29
The influence of different types of rare earth dopants on the microstructure 
evolution in polycrystalline spinel was primarily investigated in the current work. 
Ytterbium (Yb) and Europium (Eu) dopants were selected because of the evidence of 
complexions from previous studies. Even though both elements are lanthanide ions and 
have the same oxidation state +3, the ionic radii are quite different. The ionic radius of 
Yb3+ is 0.87 Å, while the ionic radius of Eu3+ is 0.95 Å. By following Perkin et al. 59 
experiment, a rare earth dopant level of 500 ppm was introduced through powder 
processing procedure. Dense polycrystalline undoped and rare earth-doped spinel 
samples were fabricated by spark-plasma sintering. The samples were then annealed in 
reducing atmosphere (5% H2-95% N2).  
Representative images of EBSD micrographs and histograms of grain size 
distribution of undoped spinel, Yb-doped spinel, and Eu-doped spinel annealed at 
temperatures of 1600 °C for 4 hours are shown in Figure 2. 16(a), Figure 2. 16(b) and 
Figure 2. 16(c), respectively. At least 1000 grains were measured from several EBSD 
maps to produce the histogram. The undoped sample and Yb-doped sample have 
unimodal grain size distribution while Eu-doped spinel sample exhibits a bimodal grain 
size distribution. As seen in the Eu-doped spinel histogram in Figure 2. 16(c), two 
distinct types of grain populations exist, grains with a size less than 3µm and large grains 
with a size up 50 µm in diameter. The appearance of an abnormally large grain in the Eu-
doped spinel microstructure is  hypothesized to be an indication of a complexion 
transition causing a dramatic increase in grain-boundary mobility. Therefore, Eu-doped 
spinel is chosen to further investigate the thermodynamics and kinetics of complexion 
transitions. 
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Figure 2. 16 EBSD maps and grain size distribution of the samples annealed at 1600 °C 
for 4 h (a) undoped (b) ytterbium-doped and (c) europium-doped spinel 
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Chapter 3 
 
 
Statement of purpose 
 
 
The main goal of the current work is to tailor and control material microstructure 
by understanding thermodynamics and kinetics of complexion transitions in Europium-
doped magnesium aluminate spinel (MgAl2O4). Eu-doped spinel was chosen for this 
purpose because it exhibits a strong propensity for abnormal grain growth (AGG) that 
may be attributed to a grain-boundary complexion transition. By investigating the effect 
of temperature on the change in grain boundary properties (mobility, grain boundary 
energy and anisotropy), we hope to correlate the relationship between grain boundary 
properties and grain boundary structure (complexion). 
The time and temperature dependence of the complexion transitions is then 
explored with a goal of establishing a complexion time-temperature-transformation 
(TTT) diagram. The complexion TTT diagram is then exploited by selecting an 
appropriate heat treatment with the aim of producing a single crystal, a bimodal 
microstructure, and a coarsening-limited (e.g., nanocrystalline) microstructure from the 
same starting microstructure. 
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3.1 Hypothesis 
 
These following hypotheses will be tested by this research. 
 
1. It is hypothesized that the bimodal microstructure results from complexion 
transition.  
2. Complexion trasitions are more likely to occur on high energy boundaries. 
Therefore, it is reasonable to hypothesize that the activation energy for 
complexion transition is low for high energy boundaries.  
3. A range of complexion transformation temperatures is caused by grain 
boundary anisotropy, which can influence a complexion TTT diagram. 
4.  It will be possible to tailor material microstructure and grow a single 
crystal from polycrystalline material by utilizing a complexion TTT 
diagram. 
 
 
 
 
 
 
 
 
 
 33
Chapter 4 
 
 
Experimental procedure 
 
 
The following section contains the details in experimental procedures and 
techniques employed for each experiment and analysis. Powder processing, fabrication 
techniques, sample preparation and heat treatments are described. In addition, the 
descriptions of characterization method and analytical techniques are described. 
 
4.1 Powder Processing 
 
All powder processing was prepared in a class 1000 rated clean room to minimize 
the impurities. All lab-ware that came into contact with the powders was cleaned prior to 
use to remove any contaminants on the surface using the following steps: 
• Soak the labware in Aqua Regia (3 HCl: 1 HNO3) for 1 hour. The mixture 
produces large amount of gas; Do not store in a tight container. 
• Rinse with deionized (DI) water at least 3 times 
• Soak the labware in H2O2 for 1 hour 
• Rinse with deionized (DI) water at least 3 times 
• Final rinse in 190 proof ethanol 
• Allow the lab-ware to dry in a hood in a clean room  
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The undoped spinel powder was used from commercially available high purity 
spinel powder (Baikowski S30CR). The powder was purified via a proprietary process to 
reduce the sulfur content. The europium-doped spinel powder at a doping level of 500 
ppm by weight was prepared by dissolving europium nitrate hexahydrate (99.99% 
Eu(NO3)3.6H2O, Alfa Aesar) with purified spinel powder mixed with 190 proof ethyl 
alcohol. The suspension was then ultra-sonicated for several hours to ensure proper 
mixing of the powder and the dopant followed by slow drying at room temperature. 
 
4.2 Fabrication Process 
4.2.1 Spark plasma sintering 
 
All polycrystalline samples were prepared by Spark Plasma Sintering (SPS) 
(Model 10-4, Thermal Technologies, LLC, Santa Clara, CA). SPS is a sintering method 
that utilizes simultaneous application of uniaxial force, low voltage and high-density DC 
pulse 60. The predominant heating mechanism is by Joule heating. The DC pulse 
discharge generates Joule heat through the graphite die and the powder. As a result of a 
rapid Joule heat, dense and fine-grained sample can be achieved at very fast heating rate 
and short sintering time. A typical SPS system consists of a uniaxial press, punch 
electrodes, vacuum chamber and on-off DC pulse generator as shown in Figure 4. 1. 
SPS Model 10-4 and graphite dies with 20mm inside diameter (Thermal 
Technology Inc., Santa Rosa, CA) were used in the current work. Due to the large heat 
loss using a thermocouple, a pyrometer was used to measure the temperature. The 
pyrometer provided for more a stable and precise at a temperature higher than 600 °C. 
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The sample was prepared by pouring 5-8 grams powder in the cylindrical graphite die 
assembly with graphite sheet and punches. The die assembly was then placed into the 
chamber. During this step, an initial 10 MPa load was applied. The chamber was 
evacuated to less than 10-3 Torr before being heated to 700°C at a rate of 200°C/min and 
held for 1 hour. This processing step was done for the purpose of removing moisture and 
calcination. Next, the temperature was ramped to 1200 °C with a rate of 100 °C/min and 
the pressure was increased to 40 MPa with a ramp of 6 MPa/min. The dwell time in this 
process was 1 hour to ensure densification.  
 
Figure 4. 1 Basic configuration of a typical SPS process 
 
Once the process was complete, the temperature was cooled down at 200°C/min 
to the starting condition. A cylindrical sample of ~ 20 mm diameter with near theoretical 
density was obtained in this process. It is critical to achieve a near theoretical density in 
these samples. The core of pressed samples was only utilized for further study to avoid 
contamination and non-stoichiometry in Mg:Al ratio.  
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4.2.2 Hot pressing 
 
 The tri-crystal samples were fabricated by hot pressing. Hot pressing is a sintering 
technique that utilizes the application of external pressure and high temperature while 
held in a vacuum atmosphere. The heating rate in hot pressing is relatively low compared 
to the SPS techniques. Low heating rate is favorable in the process of tricrystal 
fabrication in order to avoid cracking due to thermal expansion mismatch. 
A tri-crystal sample was fabricated by diffusion bonding three single crystals of 
known plane orientation. Spinel single crystals ((100), (111) and (110)) were used in 
these experiments. Single crystals with different plane orientations were stacked in layer. 
The crystal with (100) orientation was in the middle, and the crystals with (110) and 
(111) orientation were on the side. Three crystals were bonded together by hot press at 
1200 °C, 40 MPa for 1 hour. 
4.3 Sample preparation 
4.3.1 Sectioning, cleaning and drying 
 
Following the fabrication process, the pellet sample were removed from the 
graphite die and sectioned into pieces (~5mm3) using a high-speed saw (Accutom 5, 
Struers, Westlake, OH) with a diamond blade (Norton Abrasives North America, 
Worcester, MA). The core of the pressed sample was extracted for further processing to 
avoid contamination and non-stoichiometry in Mg-Al ratio. The sectioned samples were 
then cleaned in an ultrasonic bath using acetone, deionized water and ethyl alcohol for 1 
hour for each step. The samples were dried in a covered Pyrex dish under an infrared 
lamp in the clean room. 
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4.3.2 Polishing 
  
Before polishing, the samples were mounted in epoxy with the ratio of 10:1 
(Epoxicure Resin: Hardener) and left under the hood for 24 hours. Polishing was then 
performed on an automatic polisher (ATM Saphire, Mager Scientific, Inc., Dexter, MI) 
using polishing cloths (Struers, Bellrup, Denmark) and diamond suspension (Dunnington, 
Royersford, PA). All polishing steps took place at a load of 150 N and a rotation speed of 
120 rpm. The following polishing procedure was adopted for all samples. 
• Using a 1200-grit fix diamond wheel to grind the samples until epoxy on the 
surface was removed 
• Using a MD-Plan with 9 µm diamond suspension to polish for 6 minutes 
• Using a MD-Plan with 3 µm diamond suspension to polish for 3 minutes 
• Using a MD-Chem with 1 µm diamond suspension to polish for 3 minutes 
• Using vibratory polisher with 50 nm SiO2 suspension for 1 hour 
All polycrystalline samples were annealed before they were polished, while the 
tricrystal samples were annealed, polished and then thermal etched. 
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4.4 Heat Treatments 
4.4.1 Annealing 
 
All samples in this study were annealed in a tungsten mesh heating element 
furnace (M60-3X8-W-D-D6A3-C-20, Centorr Vacuum Industries, Nashua, NH) in 
reducing atmosphere  (5%H2-N2, AirGas Inc, Allentown, PA)). The samples were placed 
in high purity alumina crucibles and lids (99.8%, CoorsTek,Inc., Golden, CO) and 
surrounded by ultra high purity spinel powder for the purpose of preventing 
contamination from the furnace. The furnace was vacuumed to below 25 mTorr prior to 
the annealing procedure. The furnace was heated at a ramp rate of 30 °C/min to the 
annealing temperature, which ranged from 1400 °C to 1800 °C for different periods of 
time (between 0 to 20 hours). In this study, zero hour annealing refers to the thermal 
cycle where the sample was heated to the annealing temperature and cooled down 
immediately without dwelling at the annealing temperature. Following the annealing 
procedure, the samples were cooled quickly by dropping the annealing temperature to 
below 300°C within 2 minutes.  
 
4.4.2 Thermal etching 
 
  Tri-crystal samples were thermal etched in the M60 furnace to develop thermal 
grooves at the boundaries. In order to maintain the complexion stability, the samples 
were thermal etched at the same temperature as the annealing temperature for 30 minutes. 
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4.5 Characterization methods 
4.5.1. Electron backscattered diffraction (EBSD) 
 
  Electron backscattered diffraction (EBSD) is a scanning electron microscopy 
(SEM) based technique that is used to quantify crystallographic orientation. EBSD 
operates by striking the primary electron beam on to the surface of a tilted sample. The 
electron beam interacts with the crystal lattice and emits diffracted backscattered 
electrons that have diffracted.  Backscattered electrons are subject to path differences in 
atomic plane leading to constructive and destructive interference and form a kikuchi band 
pattern. The kikuchi band pattern undergoes an algorithm processing using a Hough 
transform. This process transforms the diffraction pattern coordinates (x,y) to the Hough 
space coordinates (ρ,θ) as given in equation ( 3. 1 ). As a result, kikuchi band transforms 
to bright regions in Hough space, which can be matched with the known diffraction 
pattern information. 
  ( 3. 1 ) 
Orientation of the crystal is measured using Bunges Euler angles (φ1, ϕ, φ2), which 
describe the set of rotation between one orientation to another. Three Euler angles 
represent the relationship between the local point on the sample and EBSD detector. 
During a measurement, the sample is rotated as the following rotation and can be seen in 
Figure 4. 2. 
1. An angle of φ1 about the rotated Z-axis followed by 
2. An angle of ϕ about the rotated X-axis followed by 
3. An angle of φ2 about the rotated Z-axis 
 
ρ = xcosθ + ysinθ
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Figure 4. 2 Euler angle rotations according to Bunge’s convention 61 
 
The orientations are plotted in colors according to its position in the inverse pole 
figure as shown in Figure 4. 3. The change in crystallographic orientation between 
neighboring grid points is used to determine grain size in EBSD analysis. 
 
 
 
Figure 4. 3 An inverse pole figure map of undoped spinel annealed at 1800°C for 8 hours. 
The triangle on the right indicates the orientations corresponding to the different colors 
 
In this study, EBSD technique is used in a purpose of acquiring grain size and 
orientation maps. The TSL EDSX EBSD camera was connected to a Hitachi S4300N 
SEM (Hitachi High Technologies America, Inc., Peabody, MA) operating at a 70° tilt 
with 15-20 kV accelerating voltage. The polished samples were attached to SEM stubs 
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using silver paste, and coated with iridium for 5-8 seconds to prevent charging. The 
EBSD maps were collected from multiple areas to obtain at least 1,000 grains in each 
sample. The step size for EBSD mapping was 0.1 of the average grain size. The TSL 
OIM analysis software was then used to extracted grain size data and grain boundary line 
segment for GBPD analysis. 
 
4.5.2  High angle annular dark field scanning transmission 
electron microscopy (HAADF-STEM) 
 
Aberration corrected high angle annular dark field scanning transmission electron 
microscopy (JEM-ARM 200CF (JEOL USA, Peabody, MA)) was used to characterize 
Eu3+ segregation in the spinel boundary. This microscopy enables the acquisition of 
images with excellent atomic-number (Z) sensitivity.  
TEM specimens were prepared from regions of interest in the sample using a 
focused ion beam mill (FIB, Dual Beam 235, or Scios, FEI, Hillsboro, OR) followed by 
nanomill to further thin down the sample to below 100 nm and remove damaged surface. 
TEM samples were prepared by Christopher Marvel and Dr. Animesh Kundu while TEM 
characterization and analysis was performed by Dr. Zhiyang Yu. 
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4.5.3 Atomic Force Microscopy (AFM)  
 
Thermal groove topography in tricrystal samples was recorded in semi-contact 
mode using a NT-MDT SolverNexT Atomic Force Microscope (Moscow, Russia). The 
measurements were collected at 1Hz scan frequency using silicon NT-MDT tips (CSG10, 
Resonant frequency=8-39 kHz, Force constant=0.01-0.5 N/m). Data collected from the 
AFM was then analyzed using the Gwyddion program. The plane level function was first 
used to flatten the image. The line profile tool was used to draw a perpendicular line 
across each boundary. After producing a line profile plot of the boundary, the distance of 
width (w) and height (h) was measured. At least 100 lines were drawn in each boundary.   
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Chapter 5 
 
 
 
Investigating complexions and 
complexion transitions in                  
Eu-doped MgAl2O4 
 
  
 
  
 
 
5.1 Introduction 
 
An understanding of grain boundary complexion and its transition can strongly 
influence the ability to tailor material microstructure and properties. The value of linking 
the grain boundary structure and chemistry at the atomic scale to bulk material properties 
is large. Grain growth kinetics is one of the most convenient ways to study the role of 
complexion on the grain boundary mobility. Abnormal grain growth is one of the 
signatures of a complexion transition. The appearance of an abnormal grain ia taken to 
indicate that the grain boundary associated with the abnormally large grain had 
undergone a complexion change (in structure and chemistry) that resulted in a dramatic 
increase in grain-boundary mobility 19,21,22. Moreover, the grain boundary complexion 
transition also results in a decrease in the relative grain boundary energy, leading to the 
alteration of the grain boundary character/plane distribution 25,31,32,37,38. 
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The overarching goal of the current work is to investigate the effect of 
temperature on complexion types and their transitions in 500ppm Eu-doped spinel. This 
system was selected for this purpose because it exhibits abnormal grain growth. The 
correlation between the grain boundary complexion and the grain boundary mobilities, 
grain boundary energy, grain boundary plane distribution is quantitatively analyzed. Both 
polycrystalline samples and tri-crystal grain boundaries have been utilized for this 
research effort to gather an extensive evidence of complexion transitions. 
5.2 Results: Polycrystalline Eu-doped spinel 
5.2.2 Microstructure and grain size distribution 
 
Representative EBSD images and corresponding grain size histrograms of 
undoped and Eu-doped samples annealed at 1400°C, 1600°C and 1800°C for 4 hours are 
shown Figure 5. 1 and Figure 5. 2, respectively. At least 1000 grains were measured from 
several EBSD maps to produce the grain size distribution histogram. As seen in Figure 5. 
1, undoped samples exhibit equiaxed grain morphologies and have unimodal grain size 
distribution in all annealing temperatures, indicating normal grain growth (NGG).  
In Eu-doped samples, an equiaxed grain morphology with unimodal grain size 
distribution was observed in the sample annealed at 1400°C (Figure 5. 2 (a)), while the 
bimodal microstructure was observed as the annealing temperature was increased to 
1600°C (Figure 5. 2(b)).  Two distinct types of grains, which are matrix grains with the 
size less than 3 µm and very large grains with the size up 50 µm in diameter are observed. 
The matrix grains were considered normal grain growth (NGG), while the large grains 
are specified as abnormal grain growth (AGG). As the annealing temperature increases to 
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1800°C, the large grains impinge and form unimodal grain size distribution as seen in 
Figure 5. 2(c). 
 
Figure 5. 1 EBSD micrographs (left) and corresponding grain size distribution (right) of 
undoped spinel annealed for 4 hours at (a)  1400 °C  (b) 1600 °C  and (c) 1800 °C.  
 46
 
 
Figure 5. 2 EBSD micrographs (left) and corresponding grain size distribution (right) of 
Eu-doped spinel annealed for 4 hours at (a) 1400 °C  (b) 1600 °C and (c) 1800 °C.  
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5.2.3 Grain growth kinetics study 
5.2.3.1 Undoped spinel  
 
The grain growth kinetic of normal grain growth (NGG) is determined using grain 
size data as a function of temperature and time. The grain growth rate of NGG in 
undoped spinel annealed between 1400 °C to 1800 °C are shown in Figure 5. 3. The data 
was found to approximately best fit the parabolic (n=2) kinetics as expressed in Equation 
( 5. 1 ). Grain boundary mobility was calculated by assuming a grain boundary energy of 
0.3 N/m. 
 
 
( 5. 1 ) 
 
 
Figure 5. 3 Plot of versus time for undoped spinel at various temperatures 
 
G2 −G0
2 = Kt
G2 −G0
2
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5.2.3.1 Eu-doped spinel  
 
The kinetics of unimpinged abnormal grain growth is determined by 
characterizing the grain growth of the normal and unimpinged abnormal grains separately 
as a function of time. The grain growth rate of an abnormal grain is generally expressed 
by Equation ( 5. 2 ).  
 
 
( 5. 2 ) 
The growth of an abnormal grain into a matrix of growing normal grains is 
described using the method of Dillon et al. 19 as expressed in Equation( 5. 3 ) 
 
 
( 5. 3 ) 
 
The kinetics determined from Equation ( 5. 3 ) is ideal for the growth of 
unimpinged abnormal grains (Figure 5. 4(a)). When all abnormal grains fully impinge 
(Figure 5. 4(b)), Equation ( 5. 1 ) is once again valid to determine grain growth rate. 
 
 
Figure 5. 4 Schematics showing (a) unimpinged abnormal grain and (b) fully impinged 
abnormal grains 10. 
dGA
dt
=
αγMAb
G
=
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G
G A−GA0 = 2
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K
1
2
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1
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Figure 5. 5 shows the typical bimodal microstructure, consisting “small” and 
“large” grain populations in Eu-doped spinel. At the relatively low magnification, the 
small granular regions are noisy because of the choice of step size utilized for collecting 
the EBSD data. The small grains population (Figure 5. 5 (b)) is considered normal grain 
growth (NGG), while the large grains population ((Figure 5. 5(a)) are specified as 
abnormal grain growth (AGG). The grain growth rate of small grains was found on 
average to fit parabolic kinetics (n=2) as shown in Figure 5. 6. 
 
 
Figure 5. 5 A representative EBSD map of Eu-doped spinel showing the abnormal grains 
are neither isolated nor fully impinged in the microstructure 
 
It is obvious from the observed microstructure that the abnormal grains are neither 
isolated nor fully impinged to any other abnormal grains. As a consequence of this 
microstructure, the kinetics of abnormal grains in Eu-doped spinel could not be 
satisfactorily described by one equation. In the current study, the kinetics of abnormal 
grain growth is obtained by comparing these two limiting approaches: 
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Grain impingement model: The abnormal grains growth rate is calculated by assuming   
that all abnormal grains fully impinge (Figure 5. 4(b)). The grain growth rate is 
described by  and plotted in Figure 5. 7. The grain boundary 
mobilities obtained from this approach is referred to as “ upper limit”. 
 
Isolated abnormal grain model: The abnormal grains growth rate is calculated by  
assuming that an abnormal grain is isolated and surrounded by normal matrix 
grains (Figure 5. 4 (a)). The grain growth rate of abnormal grains in a matrix of 
small grains is described by  and plotted in Figure 5. 8. The 
grain boundary mobilities obtained from this approach is referred to as “ lower 
limit”. 
 
 
Figure 5. 6 Plot of versus time for small grain in Eu-doped spinel at various 
temperatures 
G2 −G0
2 = Kt
G A−GA0 = 2
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K
1
2
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1
2( )
G2 −G0
2
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Figure 5. 7 Grain impingement model: Plot of versus time for abnormal grain in 
Eu-doped spinel at various temperatures 
 
 
Figure 5. 8 Isolated abnormal grain model: Plot of grain size versus square root time for 
abnormal grain in Eu-doped spinel at various temperatures 
G2 −G0
2
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5.2.3.3 Grain boundary mobillities 
 
Figure 5. 9 shows the grain boundary mobility data for normal grain growth and 
abnormal grain growth in Eu-doped spinel. The grain boundary mobility of normal grain 
growth is slower than the grain boundary mobilities of abnormal grain growth calculated 
from grain impingement model (red circles) and isolated abnormal grain model (brown 
stars). There is a significant discontinuously increase in the grain boundary mobility at a 
temperature around 1500 °C. This indicates that the europium dopant promotes grain 
boundary mobility. 
 
Figure 5. 9 Grain boundary mobility for normal and abnormal grains in Eu-doped spinel 
 
Moreover, the grain boundary mobilities calculated from grain impingement 
model (upper limit) is higher than those from isolated abnormal grain model (lower 
limit). This is due to the driving force of the growth of abnormal grain in each model. 
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Locally, the driving force of grain boundary motion is the curvature of the grain 
boundary. According to the general equation of grain growth rate in Equation ( 5. 4 ), the 
driving force (Fb) is dependent on grain size and is inversely proportional to the grain 
boundary mobility.  
 
 
( 5. 4 ) 
In grain impingement model, all abnormal grains fully impinge with large grain 
size. The driving force is low in this case resulting in high grain boundary mobility. In 
isolated abnormal grain model, small matrix grains have high driving force and 
subsequently lead to low grain boundary mobility.  
However, the grain boundary mobilities obtained from these each model does not 
fully represent the mobililties of the abnormal grain in Eu-doped spinel. The grain 
boundary mobililties calculated from grain impingement model is overestimated (upper 
limit), while the grain boundary mobilities calculated from isolated abnormal grain model 
is underestimated (lower limit). Since the bimodal microstructure in Eu-doped spinel is a 
combination between the microstructures in grain impingement model and isolated 
abnormal grain model, the feasible grain boundary mobilities of abnormal grain growth 
should lie in the range between the upper limit mobilities and lower limit mobilities as 
shown in green line in Figure 5. 9. At 1500 °C, the impingement between abnormal grains 
was not significant; thus, the mobility calculated from isolated abnormal grain model is 
likely to be accurate. At 1800°C, all the abnormal grains impinge, in this case, the 
mobility calculated from grain impingement model is more reasonable. 
 
dG
dt
= MbFb = Mb(
αγ
G
)
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When comparing the grain boundary mobilities in Eu-doped spinel with that of 
undoped, it was found that the mobility of normal grain growth is much slower that that 
of undoped (Figure 5. 10) The grain mobility of abnormal grain growth in Eu-doped 
spinel is slower that of undoped spinel at a temperature range of 1500°C-1700°C, while 
the grain boundary mobility at 1800°C is in close proximity to that of undoped sample.  
 
 
Figure 5. 10 Grain boundary mobility for normal and abnormal grains in Eu-doped 
spinel, along with data for undoped spinel 
 
From the grain growth kinetic study, a discontinuous change in grain boundary 
mobility in Eu-doped spinel was recognized. It is hypothesized that the difference in 
grain boundary mobility results from the presence of different grain boundary structures 
(complexions). Detailed characterization of the grain boundary structure is described in 
the following section in order to test this hypothesis.  
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5.2.4 Grain boundary characterization by HAADF-STEM 
 
 
As presented in previous sections, a dramatic discontinuous change in grain 
growth kinetics was observed as the temperature changes. Such transitions could result 
from grain boundary complexion transitions. In the current work, more in-depth studies 
of grain boundary structures (complexions) were investigated to understand the nature of 
the complexion transitions and its relation to grain growth kinetics. HAADF-STEM 
technique was used to investigate grain boundaries in multiple samples. This technique 
enables the acquisition of images with excellent atomic-number (Z) sensitivity, 
considering the difference between Eu (63), Mg (12), Al (13) and O (8). 
5.2.4.1 Results 
 
The sample annealed in the low temperature regime had a unimodal 
microstructure consisting of sub-micron grains. At least 10 interfaces of small grain-small 
grain (SS) boundaries were examined in the sample annealed at 1400 °C for 4 hours as 
shown in Figure 5. 11. This sample is referred to as “NGG sample”.  
Bimodal microstructures containing  “small” and “large” grain populations were 
exhibited by the samples annealed at high temperature regime. Three interfaces, which 
are small grain-small grain (SS), small grain-large grain (SL) and large grain-large grain 
(LL), were therefore investigated. Two samples annealed at 1600°C for 4 hours and 
1600°C for 20 hours were examined and are shown in Figure 5. 13. These samples are 
referred to as “AGG sample”.  
 56
 
Figure 5. 11 HAADF-STEM image of small grain-small grain (SS) interface at low 
magnification of NGG sample annealed at 1400°C for 4 hours 
 
Representative HAADF-STEM images of NGG sample are shown in Figure 5. 
12. These images do not reveal significant contrast. However, a small number of bright 
spots (red circles) were identified. This indicates europium atoms segregated at the grain 
boundary. It is considered that a sub-monolayer of Eu atoms is present along the 
boundaries. Considering the fact that this sample contains sub-micron grains, a large 
number of grain boundaries are therefore created. Since 500 wt%-ppm concentration of 
europium was added to the system, it is possible that europium atoms segregate 
throughout the sample. 
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Figure 5. 12 HAADF images of small grain-small grain (SS) boundaries in NGG sample 
showing a sub-monolayer of Eu atoms segregate at the boundary (Red circle) 
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As mentioned previously, two AGG samples: (i) 1600°C 4 hours and (ii) 1600°C 
20 hours, were studied. The 1600°C 20 hours sample was examined in order to determine 
whether the complexions was truly thermodynamically stable.  
Figure 5. 14 shows representative HAADF-STEM images of interfaces of small 
grain-small grain (SS) boundaries in the AGG sample. Three distinct boundary structures, 
which are (i) monolayer (ii) europium bilayer and (iii) a transition form sub-monolayer to 
europium bilayer, were observed. Figure 5. 14(a) represents a sub-monolayer of Eu 
atoms. Figure 5. 14(b) represents a bilayer of europium at the boundary. Lastly, Figure 5. 
14(c) represents the evidence of the grain boundary transition from sub-monolayer to 
europium bilayer.  
The interfaces of small grain-large grain (SL) boundaries in the AGG sample are 
shown in Figure 5. 15 and Figure 5. 16. The significant contrast exhibited along the 
boundary indicates europium segregation. The intensity profile as seen in Figure 5. 15(b) 
illustrates bilayer segregation. Moreover, the similar segregation behavior was observed 
in both 1600°C 4 hours and 1600°C 20 hours samples (Figure 5. 16). 
Representative HAADF-STEM images of large grain-large grain (LL) boundaries 
are shown in Figure 5. 17. Europium bilayer segregation was also observed in the 
boundary in the same manner as SL boundaries. Compared with the grain boundary 
structures for SL boundaries, the obvious difference is that these boundaries show 
faceting transition in the form of atomic-scale steps. 
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Figure 5. 13 HAADF-STEM images at low magnification of AGG sample annealed at 
1600°C for (a) 4 hours and (b) 20 hours   
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Figure 5. 14 HAADF-STEM images of small grain-small grain (SS) boundaries in AGG 
sample showing (a) sub-monolayer (b) bilayer and (c) a transition from sub-monolayer to 
bilayer 
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Figure 5. 15 Representative HAADF-STEM images of small grain- large grain (SL) 
boundary in AGG sample and (b) corresponding intensity profile indicating bilayer 
complexion 
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Figure 5. 16 Representative HAADF-STEM images of small grain- large grain (SL) 
boundaries showing bilayer complexion in the AGG sample annealed for (a) 4 hours and 
(b) 20 hours 
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Figure 5. 17 Representative HAADF-STEM image of large grain- large grain (LL) 
boundary in the AGG sample annealed for 20 hours 
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5.2.4.2 Discussion 
 
A dramatic increase in grain-boundary mobility has been identified over a specific 
temperature range as discussed in section 5.2.3.3. The results from HAADF-STEM 
support the hypothesis that the change in the grain boundary complexions results in the 
discontinous change in grain boundary mobility. According to elecron microscopy 
results, a submonolayer of europium atoms, exists in the SS boundaries in the NGG 
sample annealed at low temperature regime, while a bilayer of europium appears in the 
boundaries around large grains (SL, LL boundaries) in the AGG sample annealed in high 
temperature regime. The grain boundary complexion undergoes complexion transition 
from sub-monolayer (Complexion type I) below the transition temperature to bilayer 
(Complexion type III) above the transition temperature resulting in a dramatic change in 
grain boundary mobility. These results are qualitatively consistent with previous studies 
that the different types of complexions have different grain boundary mobilities 19,21,31. 
Moreover, multiple segregation behaviors (sub-monolayer, bilayer, a transition 
from sub-monolayer to bilayer) were observed in various SS boundaries throughout the 
AGG sample. The europium segregation as a sub-monolayer (type I) has been observed 
and similar to the segregation in SS boundaries in the NGG sample. However, the bilayer 
(type III) complexion was also observed which is not expected. The explanation of why 
type III complexion exists in SS boundaries in the AGG sample could be related to how 
the complexion transition propagates. The possible propagation mechanisms of abnormal 
grain growth were studied by Frazier et al. 62 using a Potts model simulation.  
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This model shows three different grain boundary transition mechanisms, which 
are the double adjacent transition, the adjacent transition and the independent transition 
as shown in Figure 5. 18. The double adjacent transition is the case where a boundary 
adjacent to two previously transformed boundaries (Figure 5. 18 (a)). The adjacent 
transition is the case when one adjacent interface is contacting an untransformed 
boundary (Figure 5. 18 (b)). The independent transition is the case where a boundary is 
not in contact with any transitioned boundaries (Figure 5. 18 (c)). In all cases, the double 
adjacency condition gives the highest probability of AGG. This means the AGG depends 
on the interconnection of the transitioned boundaries. In this study, even though some of 
the SS boundaries in AGG sample already transformed to bilayer, the grains did not yet 
propagate. This behavior could be exclaimed by the study of Frazier et al. that the 
transitioned boundaries may randomly disperse in the microstructure (Figure 5. 19) and 
they are unlikely to initiate AGG. 
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Figure 5. 18 The different grain boundary transition mechanisms for allowing boundaries 
to transition to high mobility complexion. The red surfaces represent the transition grain 
boundary while the blue surfaces represent not transitioned grain boundary (a) the double 
adjacent transition is the case where a boundary adjacent to two transformed boundaries 
(b) the adjacent transition is the case when one adjacent interface is contacting with one 
transformed boundary and (c) the independent transitions where a boundary is not in 
contact with already transitioned boundaries.  
 
 
 
Figure 5. 19 Schematic showing grain boundaries labeled with colors corresponding to 
their complexion type in SS boundaries in the AGG sample.  
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5.2.5 Grain-boundary plane distribution (GBPD) 
5.2.5.1 Results 
 
The distribution of grain boundary plane (GBPD), regardless of the 
misorientation, was quantified by conducting stereological analysis of each grain 
boundary line segment in two Eu-doped spinel samples annealed at: (i) 1400 °C and (ii) 
1600 °C. Over ten thousand grain boundary line segments were extracted from each data 
set. As shown in Figure 5. 20(a), a NGG sample shows a nearly isotropic grain-boundary 
plane distribution, whereas a AGG sample has a significant preference for {111} grain-
boundary planes (Figure 5. 20(b)). The MRD ratio of {111} plane of AGG sample 
increases almost 2 times of the value from NGG sample. 
 
Figure 5. 20 EBSD micrographs (top) and the distributions of grain-boundary planes in 
the crystal reference frame (bottom) of polycrystalline Eu-doped spinel annealed at 
temperatures of (a) 1400 °C and (b) 1600 °C.  The specimen annealed at 1400 °C has a 
unimodal grain size distribution while the specimen annealed at 1600 °C has a bimodal 
grain size distribution 
 68
5.2.3.2 Discussion 
 
 This result shows that the distribution of the grain boundary plane (GBPD) of the 
sample exhibiting normal grain growth (NGG) is significantly different from the sample 
with abnormal grain growth (AGG). According to electron microscopy discussed in 
section 5.2.4, the boundaries of small grain-small grain in NGG samples have a sub-
monolayer of europium atoms, while the boundaries surrounding large grains in AGG 
samples have a bilayer of europium. It is clearly demonstrated that the complexion 
transition alters the grain-boundary plane distribution (GBPD) by increasing the 
anisotropy of the distribution. The change in GBPD in this result is consistent with the 
earlier results from several doped aluminas 37 and Ca-doped yttria 32.  
Moreover, the change in GBPD can be related to the change in grain boundary 
energy. It has been shown that the population of grain boundaries is inversely correlated 
to the surface energies 63. In the current work, the high population of {111} plane was 
observed in AGG samples, which suggests that {111} is the lowest energy plane. 
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5.3 Tri-crystal Eu-doped spinel 
5.3.1 Introduction 
 
A grain boundary is considered a defect and has higher energy than the lattice 
because of the broken bonds at the boundary. The estimation of grain boundary energy 
(γgb) can be obtained based on surface energies of the grain planes of the adjoining 
crystals, which can be as expressed in Equation ( 5. 5 )64,65. 
  ( 5. 5 ) 
 
Where γ1 and γ2 is the energy of two surfaces and B is binding energy. In the case 
of a high angle grain boundary, B can be considered to be relatively constant 65. 
Therefore, the surface energies of the grain boundary significantly affect the grain 
boundary energy. If low energy planes join together on each side of boundary, a low 
energy boundary should be created.  
Contradictory results have been shown regarding the surface energy in spinel. 
Early calculations by Misha et al. 66 determined that the lowest energy is {111} plane and 
that {110} plane is the highest energy. This result is in contrast to the calculation by Fang 
et al. 67, who showed that the lowest surface energy was {100}, followed by {110} and 
the highest surface energy was {111}. Results from experiment of fracture toughness of 
single crystal spinel reported by Stewart et al. 68 indicated that the lowest surface energy 
is {100} and the highest surface energy is {111}. Moreover, recent analysis from EBSD 
data in polycrystalline spinel reported that the {111} plane is the lowest energy plane and 
{100} is the highest energy plane 69. A summary of these surface energy studies is given 
in Table 5. 1. 
γgb = γ1 +γ2 −B
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Table 5. 1 Surface energies in different orientation planes reported by literatures. 
 
 
 
Procedure 
Surface energy 
100 plane 110 plane 111 plane 
Mishra et al.66  Calculation Middle High Low 
Fang et al.67 Calculation Low Middle High 
Stewart et al.68 Fracture of single crystal Low Middle High 
Miller et al.69 EBSD High Middle Low 
 
There is evidence that complexion transitions are associated with the change in 
the relative interfacial energies. In Ca-doped yttria 25,32, the abnormal grains (nanolayer 
film complexion) have lower grain boundary energy than normal grains (bilayer 
complexion) by 33%. Moreover, the change in relative grain boundary energy leads to 
grain boundary anisotropy. The grain boundary plane distribution exhibits a mild {111} 
preference before the complexion transition while a stronger {001} preference is present 
after the complexion transition. In Y-doped alumina 38, the distribution of grain boundary 
plane is changed from random distribution to {0112} orientation due to a complexion 
transition. These results suggest that complexion transitions may occur preferentially on 
specific crystallographic planes and individual boundaries may have a distinct 
complexion transition temperature due to grain boundary energy anisotropy. The current 
work aims to quantify the change in relative grain boundary energy in different 
boundaries created from different plane orientations in spinel and correlates it with the 
grain boundary complexions. 
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5.3.2 Sample preparation 
 
A tri-crystal sample was fabricated by diffusion bonding three single crystal of 
known plane orientation as described in Section 4.2.2. From the procedure, two different 
grain boundaries ( (110)-(100) and (111)-(100) ) were produced. The sample was then 
sectioned into two pieces and cleaned in ultrasonic bath. After drying, europium was 
introduced to one sample by soaking in europium nitrate (99.9% Eu(NO3)3.6H2O) 
solution for 5 days to let europium dopant cover homogeneously onto the sample surface. 
Another sample was left as an undoped sample. Both samples were then annealed at 1600 
°C in reducing atmosphere (5% H2/95% N2) for 2 hours. The schematic diagram of 
fabrication procedure, annealing process and characterization is shown in Figure 5. 21. 
 
 
Figure 5. 21 Schematic diagram of fabrication procedure, annealing process and 
characterization. 
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Thermal grooves of the boundaries were developed by thermal etching process. In 
order to maintain the complexion stability, the samples were thermal etched at the same 
temperature as annealing temperature. Thermal groove topography was recorded using 
SolverNexT NT-MDT Atomic Force Microscopy (AFM).  The dihedral half angles (θ1, 
θ2, θ3) were obtained using the procedure modified from the original Mullins’ analysis 
described by Dillion et al. 37. The width (w) and depth (d) of thermal groove (Figure 5. 
22) were measured and used to calculate the dihedral half angles (θ1, θ2, θ3) using 
Equation ( 5. 6 ).   
 
 
( 5. 6 ) 
   
   
 
Figure 5. 22 Schematic of thermal groove parameters, half dihedral angles and surface 
energies in tricrystal sample 
 
 
θ = 90−β = tan−1(4.73 d
w
)
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The relative grain boundary energy was calculated as a function of half dihedral 
angle and surface energy from each side of the boundary as shown in Figure 5. 22. By 
using the relationship from Equation ( 5. 7 ) and ( 5. 8 ), the relative grain boundary 
energy can be calculated. This relation is applicable because the grain boundary plane is 
perpendicular to the surface and the surface energy on each plane is not isotropic. 
 
 
( 5. 7 ) 
 
 
( 5. 8 ) 
 
 
5.3.3 Results 
5.3.3.2 Relative grain boundary energy 
 
The relative grain boundary energies of (110)-(100) boundary and (111)-(100) 
boundary in undoped and Eu-doped spinel are shown in Figure 5. 23. There is a clear 
trend that the undoped spinel samples have a higher relative grain boundary energy than 
Eu-doped spinel samples in both boundaries. In the case of (111)-(100) boundaries, 
undoped spinel has an average relative grain boundary energy of 0.64 while in Eu-doped 
it was 0.40, which correspond to a 38% reduction in energy. In the (111)-(100) boundary, 
a reduction of grain boundary energy from 0.48 (undoped sample) to 0.32 (Eu-doped 
sample) was observed. Table 5. 2 summarizes of relative grain boundary energy in each 
sample and the percentage change in average relative energy. 
γgb12
γ1
= cosθ1 +
sinθ1
sinθ2
cosθ2 =
sin(θ1 +θ2 )
sinθ2
γgb13
γ1
= cosθ1 +
sinθ1
sinθ3
cosθ3 =
sin(θ1 +θ3)
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Figure 5. 23 The relative grain boundary energy of the (110)-(100) boundary and         
(111)-(100) boundary in undoped spinel and Eu-doped spinel. 
 
 
 
Table 5. 2 The average relative grain boundary energy occurring in (110)-(100) boundary 
and (111)-(100) boundary in undoped spinel and Eu-doped spinel 
 
 Undoped spinel Eu-doped spinel % energy change 
(110)-(100) 0.64 0.40 38 
(111)-(100) 0.48 0.32 33 
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5.3.3.4 Grain boundary characterization by HAADF-STEM 
 
The interfaces of (111)-(100) and (110)-(100) undoped spinel grain boundaries 
are shown in Figure 5. 24. Clean boundaries without any evidence of impurity 
segregation were observed in both boundaries. No obvious steps at an atomic scale were 
observed at the boundaries.  
 
 
Figure 5. 24 HAADF images of a clean grain boundary in undoped spinel boundaries 
annealed at 1600°C for 2 hrs (a,b) 110-100 boundary and (c,d) 111-100 boundary. 
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For Eu-doped spinel samples, Figure 5. 25(a) shows HAADF-STEM images of a 
cross-section structure of the (110)-(100) boundary at low magnification. Eu-rich 
particles were precipitated partly in the boundary. The Eu-rich precipitates are not 
surprising because of the large excess of europium introduced during initial processing. 
The Eu precipitate may form during the cooling process. Three different regions, that did 
not contain precipitates ( i.e. A1, A2, A3) as shown in Figure 5. 25(b), were investigated.  
 
 
Figure 5. 25 HAADF-STEM images of a cross-section structure of the (110)-(100) 
boundary of Eu-doped sample at low magnification showing (a) Eu-rich precipitates and 
(b) three regions of interest  
 
High magnification HAADF-STEM images of region A1, A2 and A3 regions 
taken from a (110)-(100) boundary of a Eu-doped sample are shown in Figure 5. 26. 
These images reveal the evidence of bilayer europium segregation at the boundary. 
Moreover, a very strong grain boundary faceting transition in the (110)-(100) boundary 
was distinguished. As seen in Figure 5. 26(a), the original (110) boundary plane was 
transformed to alternate (111) planes.  
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Elemental analysis via EDS was conducted to confirm the Eu segregation. An 
EDS line scan across the boundary shows an increase in Eu content at the boundary as 
shown in Figure 5. 27. 
Figure 5. 28 shows the interfaces of the (111)-(100) boundary in the Eu-doped 
sample. Two regions of interest (B1, B2) were examined. Eu-rich particles trapped in the 
boundary were observed. Figure 5. 28(c) and Figure 5. 28(d) illustrate the segregation of 
europium in the grain boundary. Besides, a grain boundary faceting transition, mainly in 
the form of atomic-scale steps (Figure 5. 28(b)), was observed in (111)-(100) boundary. 
An EDS line scan across the boundary indicated the presence of Eu content at the 
boundary as seen in Figure 5. 29. 
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Figure 5. 26 HAADF-STEM images taken from (110)-(100) boundary of Eu-doped 
sample showing (a) the original (110) boundary plane was transformed into two alternate 
(111) planes and (b,c,d) Stabilized Eu enriched bilayers at the boundary.  
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Figure 5. 27 An EDS line scan profile across (110)-(100) grain boundary of Eu-doped 
sample, indicating Eu segregation at the boundary 
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Figure 5. 28 HAADF-STEM images taken from (111)-(100) boundary of Eu-doped 
sample showing (a) Eu-rich precipitates and regions of interest (b) the boundary is 
separated by single-atom-height steps and (c,d) Stabilized Eu enriched bilayers at the 
boundary  
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Figure 5. 29 An EDS line scan profile across (111)-(100) grain boundary of Eu-doped 
sample, indicating Eu segregation at the boundary 
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5.3.4 Discussion 
 
The results revealed that the relative grain boundary energies decrease as Eu is 
introduced to the system. At the equilibrium thermodynamics, the boundary energy is 
lowering due to solute segregation at equilibrium thermodynamics. In the Eu-doped 
spinel sample, the segregation of europium bilayers was observed in both boundaries 
((110)-(100) and (111)-(100)). As the boundary structures are compared with the sample 
without Eu doping, it is proposed that the reduction of relative grain boundary energies 
may result from two possible events, which are complexion transition and grain boundary 
faceting.  
Several studies 25,31,33,37 show that complexion transitions are accompanied by a 
reduction in interface energy. The result in this current work shows the direct observation 
of complexion transition from clean to bilayer, which is believed to be one of the critical 
factors in lowering the overall interface energy. Moreover, Eu segregation may induce 
the faceting transition of boundary planes. The formation of grain boundary faceting 
occurs in order to reduce the boundary energy. A high grain boundary energy plane 
decomposes into component planes with low energies. As seen in the (110)-(100) 
boundary, the original (110) boundary facet was reoriented to alternate (111) planes. 
Likewise, a grain boundary faceting transition, mainly in the form of atomic-scale steps 
was observed in the (111)-(100) boundary. This suggests that the {111} plane is the 
lowest energy plane in this system. This result is in agreement with surface energy value 
reported by Miller et al. 69. They indicated that the (111) plane is the lowest energy plane.  
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The change in grain boundary energies associated with the grain boundary 
complexion types and energy barrier associated with restructuring the grain boundary are 
shown in Figure 5. 30. It was found that (110)-(100), referred to as a high energy 
boundary, requires less energy to overcome an energy barrier (∆E) than the low energy 
boundary ((111)-(100)) requires to undergo a complexion transition. The percentage of 
energy reduction of (110)-(100) is slightly higher than the value from the (111)-(100) 
boundary because more energy has been dissipated during grain boundary faceting. 
 
 
 
Figure 5. 30 Grain boundary energy schematic showing the difference in energy barrier 
(∆E) of (110)-(100) and (111)-(100) boundaries activating a complexion transition from 
complexion II (clean) to complexion III (bilayer) 
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5.4 Conclusions 
 
Abnormal grain growth in Eu-doped polycrystalline spinel has been studied by 
analyzing grain growth kinetics, segregation behavior and the grain boundary plane 
distribution (GBPD). Based on the grain growth kinetic study, a dramatic change in grain 
boundary mobility occurs at about 1500 °C. The abrupt change in grain boundary 
mobility results from a grain boundary complexion transition from sub-monolayer (type 
I) below the transition temperature to a bilayer (type III) above the transition temperature.  
Moreover, abnormal grain growth alters the population of grain boundary planes 
from nearly isotropic to a strong {111} preference. This implies that the complexion 
transition has a significant influence on anisotropy in grain-boundary energy, which is 
also consistent with the change in grain boundary energy and grain boundary structure 
measured in tri-crystal samples. As a result of complexion transition, the relative grain 
boundary energies in Eu-doped spinel decrease 33-38% in different boundaries compared 
with the undoped samples. The results presented here support the hypothesis that the 
bimodal microstructure in Eu-doped spinel results from a complexion transition. 
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Chapter 6 
 
 
 
Kinetics of complexion transitions: 
Time -Temperature-Transformation 
(TTT) Diagram in Eu-doped MgAl2O4       
 
 
 
 
 
6.1 Introduction 
 Phase transformation kinetics play a decisive role in controlling the 
microstructure and properties in bulk materials. In 1930, Davenport and Bain70 
introduced a new way to describe transformation kinetics for steels in the form of a time-
temperature-transformation (TTT) diagram. This diagram represents the volume fraction 
of transformed phase at a series of temperatures and times. The TTT diagram can be used 
to describe the kinetics of steels, ceramic or other materials. Grain boundary complexions 
are considered as equilibrium states, which exhibit phase-like behavior. This implies that 
grain boundaries can undergo transformations, referred as complexion transitions, 
analogous to bulk phases. Likewise bulk phase transformation, complexion transitions 
take time to occur, and therefore their kinetics can be represented on TTT diagrams.  
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Although grain-boundary complexion TTT diagrams are analogous to bulk phase 
TTT diagrams in many ways, there are important differences between them. For example, 
bulk phase TTT diagrams typically only show the transformation curve for the cooling 
transformation which is described by a C-shaped transformation band (Figure 6. 1(a)) 
that results from a competition between nucleation and growth rates. This competition 
produces a minimum transformation time at a particular sub-cooling temperature, often 
referred to as the nose of the TTT curve. On the other hand, during the heating transition, 
the nucleation and growth rates both increase as temperature increases and hence 
augment each other, leading to a transformation that occurs ever more rapidly with 
increasing temperature. A heating transition diagram therefore lacks the classic nose 
feature of the cooling diagrams.  A schematic isothermal heating transformation is shown 
in Figure 6. 1(b). It is apparent from Figure 6. 1 that the regions of bulk phase 
metastability are reversed for cooling and heating TTT diagrams.  In the TTT cooling 
diagram in Figure 6. 1(a) the α phase is metastable below TC for short times, whereas in 
the TTT heating diagram in Figure 6. 1(b), the α + β microstructure is metastable above 
TC for short times. Complexion TTT diagrams exhibit analogous regions of metastability 
71, suggesting that they undergo  nucleation and growth processes similar to those 
characteristic of bulk phases.  
Moreover, grain boundary character also plays an important role in complexion 
transition kinetics. Grain boundary character is defined by 5 independent parameters; 3 
associated with misorientation and 2 associated with the grain boundary plane 
orientation. It has been shown by Bojarski et al.29 that a complexion transition is more 
likely to occur on a grain boundary with higher energy than low energy at low 
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temperature. Considering the fact that all polycrystalline materials have a range of grain 
boundary energies, this implies that grain-boundary complexion transitions will occur at a 
variety of different times and temperatures within a given microstructure. The grain 
boundary complexion TTT diagram should contain a different transformation band for 
each type of grain boundary as shown in Figure 6. 2. In the diagram, Tc represents the 
equilibrium complexion transition temperature, where the complexion transformation is 
very slow with infinite transformation time due to low driving force and high activation 
energy for nucleation. 
 
 
Figure 6. 1 Schematic bulk phase TTT diagrams for a hypothetical system that transitions 
between a single α phase and α + β phases as a function of temperature:  (a) Isothermal 
cooling and (b) isothermal heating. 
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Figure 6. 2 Schematic isothermal heating complexion TTT diagram for two types of grain 
boundaries with different grain-boundary character. The transition of the high-energy 
grain boundary, depicted by the blue transition band, occurs at shorter times and lower 
temperatures, while the slower transition of the low-energy grain boundary is depicted by 
the green band.  
 
Recently, complexion TTT diagrams were demonstrated in grain growth studies 
of polycrystalline 10%Yb/1%Er codoped Y2O3 and Y-doped alumina 
72. These diagrams 
show a promising proof of concept that complexion TTT diagrams can represent the 
kinetics of complexion transitions. The ability to understand and control the kinetics of 
complexion transitions will be very useful for advanced processing in materials 64. In the 
current work, the time and temperature dependence of the complexion transitions in Eu-
doped spinel has been systematically studied and analyzed with the goal of establishing 
its complexion TTT diagram. The diagram will then be utilized to achieve desirable 
microstructures. Theoretically, it is possible to create single crystals, bimodal 
microstructures, and coarsening-limited microstructures by selecting an appropriate heat 
treatment strategy. 
 89
6.2 Establishing a complexion TTT diagram for Eu-
doped spinel 
 
6.2.1 Results 
 
It has been shown that the bimodal microstructures in Eu-doped spinel result from 
a complexion transition as discussed in Chapter 5. Complexion transitions occurred along 
select grain boundaries and thereby enhanced the mobility of those boundaries. Thus, the 
grains undergoing a required degree of complexion transition grew at a faster rate than 
the rest of the matrix. Assuming complexion transitions are first-order, increasing the 
annealing time or temperature will increase the number of abnormally large grains at the 
cost of the smaller grain population. 
To investigate the temperature dependence of the nucleation rate, several Eu-
doped spinel samples were annealed at various temperatures and times.  For each 
resulting microstructure, the grains were partitioned into “small” and “large” groups with 
diameters less than or greater than 3 µm. This cut-off value was chosen based on the 
estimated maximum size of the small grain population observed in the grain size 
distributions as shown in Figure 6. 3. In the current work, the distributions were widely 
separated; only a minor overlap of the tails of the fitted curves can be expected and the 
use of a single cut off value introduces a negligible error in the calculations. 
 
 
 
 
 90
 
 
Figure 6. 3 (a) A representative EBSD map, and (b) the corresponding grain size 
histogram showing the cut-off value at 3 µm. 
 
The partitioned EBSD data are shown in Figure 6. 4 with abnormally large grains 
displayed in color and small (i.e., normal) grains in black. From the partitioned EBSD 
maps, the relative fractions of the small and large grain populations were calculated.  In 
the samples annealed for 0 hrs, no abnormally large grains were observed in the 1500 °C 
and 1600 °C samples, whereas abnormal grains covered 4% of the image area in the 1700 
°C sample.  As the dwell time was prolonged at 1500 °C, the area fraction of abnormal 
grains increased progressively, and impingement between abnormal grains was not 
significant. In contrast, at 1600 °C and 1700 °C, impingement of abnormal grains was 
observed after 2 hours of annealing. The area fractions for larger grain population were 
44 % and 64 %, respectively, at 1600 °C and 1700 °C. Furthermore, and as expected, the 
area fractions increased with annealing time at 1600 °C and 1700 °C. 
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Figure 6. 4 A time-temperature matrix of partitioned EBSD maps. Small grain regions are 
shown in black and the scale bars represent 70 µm 
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The area fraction of abnormally large grains at different temperatures and times 
are summarized in Table 6. 1. While the area fraction of abnormally large grains is not a 
perfect measure of the fraction of grain boundaries that have undergone a complexion 
transition, it has been shown that the number of abnormal grains per unit area increased 
linearly with grain size and exponentially with temperature 23. This suggests that the two 
quantities are strongly correlated.  
Therefore, the evolving area fraction of abnormal grains is a useful approximation 
for highlighting the kinetics of complexion transitions, and the area fraction of the 
abnormally large grains was extracted from samples treated at three different annealing 
temperatures (1500°C, 1600°C and 1700°C) for various periods of time. 
 
Table 6. 1 Area fraction abnormally large grains at various temperatures and times 
 
 
Area fraction  
0hr 2hrs 4hrs 8hrs 
1500 °C 0 0.04 0.08 0.24 
1600 °C 0 0.44 0.63 0.74 
1700 °C 0.04 0.64 0.79 0.91 
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The kinetics of nucleation and growth in bulk systems can be quantified using the 
Johnson-Mehl-Avrami equation 73. In this approach, the transformed area fraction, At, for 
grains after a time t is given by 
 
 
( 6. 1 ) 
where k is a reaction constant and n is the Avrami exponent. Equation ( 6. 1 ) may 
be rewritten in a form that is convenient for analysis and is given by 
 
 
 
( 6. 2 ) 
             
The fitting process for Avrami curve was applied here and obtained by 
performing a linear fit produced by Equation ( 6. 2 ) as illustrated in Figure 6. 5. The 
Avrami parameters n and k are determined from the slope and intercept of the plot and 
are summarized in Table 6. 2. Figure 6. 6 shows the fitted Avrami curves of the 1500 °C, 
1600 °C and 1700 °C sample sets. Avrami curves are overlaid on the experimental data 
points to better illustrate the transition kinetics. The fitted Avrami curves were then 
extrapolated to establish the complexion transition start (1 %) and finish (99 %) times for 
each temperature. 
1− At = exp(−kt
n )
ln[ln
1
1− At
]= lnk + n ln t
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Figure 6. 5 An illustration of the fitting process used to determine the Avrami parameters. 
Each data set is linearly fitted. Their slopes and intercepts are used to the determined the 
value of n and k. 
 
 
Table 6. 2 Avrami parameters k and n determined by fitting Equation ( 6. 2 ) to the 
experimental data 
 k  n 
1500 °C 0.00005 min-1.39 1.39 
1600 °C 0.00180 min-1.10 1.10 
1700 °C 0.00517 min-1.03 1.03 
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Figure 6. 6 Avrami plots representing the percentage of grain boundaries that have 
undergone a complexion transition as a function of time at temperatures of 1500, 1600, 
and 1700 °C. 
 
A complexion TTT diagram is perhaps a more practical representation of 
complexion kinetics. In this representation, the temperature (T) is plotted as a function of 
log time (t) for a fixed transformation fraction. The complexion TTT diagram for 500 wt-
ppm europium-doped spinel associated with microstructure is presented in Figure 6. 7. 
The diagram represents the complexion transition from low temperature to high 
temperature. As seen from the figure, the diagram has three distinct time-temperature 
regimes:  
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Regime I: Grains are < 3 µm in diameter.                                                             
                    This microstructure is represented by black squares. 
Regime II: Grain size is bimodal.  
                     This microstructure is represented by red circles.  
Regime III: Grains are >> 3 µm in diameter.   
                       This microstructure is represented by blue triangles. 
 
Regimes I and III are characterized by a unimodal grain size microstructure, with the 
main observable microstructure difference being the average grain size. It is all small 
grains in Regime I and all large grains in Regime III. At a given temperature in the 
complexion TTT diagram in Figure 6. 7, the dashed red line (1 % line) between regime I 
and regime II represents the time after which grain-boundary complexion transitions have 
just begun to occur, while the dashed blue line (99 % line) separating regimes II and III 
represents the time at which nearly all grain boundaries have transitioned. The dash green 
line (50%) represents the 50% complexion transformation. To illustrate the combinations 
of time and temperature that separate these three regimes, curves were drawn through 
points in time calculated based on the curves in Figure 6. 6 (i.e. the times at which 1 % 
and 99 % of the boundaries have transformed at temperatures of 1500, 1600, and 1700 
°C. In this diagram, the equilibrium complexion transition temperature (Tc) is estimated 
at 1400 °C. At Tc, the driving force for complexion transition is low and the nucleation 
barrier is high, leading to infinite transformation time. 
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Figure 6. 7 Grain-boundary complexion time-temperature-transformation (TTT) diagram 
of Eu-doped spinel associated with microstructure from experimental data. The 1%, 50% 
and 99% curves were calculated from fitted Avrami curves. 
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6.2.2 Discussion 
 
 The present work established that the kinetics of a complexion transition in Eu-
doped spinel can be represented on a complexion TTT diagram and quantified using the 
Johnson-Mehl-Avrami equation. The fitted Avrami curve was used to determine the start 
and finish lines in the complexion TTT diagram. It is apparent that the Avrami curve fit 
considerably better to the experimental data points at 1500 °C than the data points at 
1600 °C and 1700 °C. The poor fit at 1600 °C and 1700 °C may relate to the low 
nucleation rate as impingement of abnormal grains occur. The large grains may grow and 
become larger without any more nucleation events 
As previously discussed, the complexion transition temperature is dependent on 
the grain boundary energy. The grain boundaries with the highest energies will transform 
at lower temperatures relative to the grain boundaries with the lowest energy 29,32. As 
temperature increases, the number of transformed boundaries increases until all 
boundaries are able to transform. Therefore, the kinetics of complexion transition is 
expected to be different from bulk phase in some aspects. This current work supports the 
hypothesis that a range of transformation temperature is relevant and proportional to 
grain boundary anisotropy. 
According to the start and finish curve calculated from the Avrami equation, a 
range of transformation temperatures in Eu-doped spinel is estimated to be within a 50°C 
annealing temperature as shown in Figure 6. 8. A range of complexion transformation 
temperatures was caused by grain boundary anisotropy, which varies for different crystal 
structures 
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Figure 6. 8 Complexion TTT diagram showing the range of temperature that complexion 
transitions occur for high-energy boundaries (dash red line) and low-energy boundaries 
(dash blue line) at equilibrium temperatures.  
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6.3 Utilizing complexion TTT diagrams 
6.3.1 Results 
 
 Grain boundary complexion TTT diagrams represent the kinetics of complexion 
transitions. This diagram has a great potential to be a useful tool using a complexion 
approach to engineer and tailor material microstructure. In the current work, it is 
hypothesized that it will be possible to tailor material microstructure and even possibly 
grow a single crystal from polycrystalline material by utilizing the complexion TTT 
diagram. An appropriate heat treatment pathway was carefully selected to accomplish 
three different types of microstructures:  
(i) a coarsening-limited microstructure 
(ii) a bimodal microstructure 
(iii)  a single crystal 
 Most importantly, all of these microstructures were produced from the same starting 
microstructure as shown in Figure 6. 9. 
 
Figure 6. 9 The microstructure of as-pressed Eu-doped spinel showing a unimodal 
microstructure consisting of sub-micron grains. 
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6.3.1.1 Coarsening-limited microstructure 
 
The proposed heat treatment pathway to produce coarsening-limited microstructures 
is shown in Figure 6. 10. The temperature is ramped up and dwelled just below the 
transformation start line to avoid complexion transitions, while utilizing high temperature 
processing to maximize densification. The temperature is later dropped to below the 
equilibrium complexion transition temperature (Tc) to avoid complexion transitions and 
stabilize low temperature structure. To test this procedure, Eu-doped spinel sample was 
annealed at 1500°C for 0.5 hr as shown in Figure 6. 11(a). As a result of this manner, a 
unimodal microstructure consisting of sub-micron grains are observed as shown in Figure 
6. 11(b). 
 
Figure 6. 10 Schematic illustration of a potential heat treatment pathway to produce 
coarsening-limited microstructure. 
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Figure 6. 11 Schematic showing (a) a heat treatment path (overlaid on complexion TTT 
diagram of Eu-doped spinel) that was tested and (b) the corresponding microstructure 
consisting sub-micron grains. 
 
6.3.1.2 Bimodal microstructure 
 
 To create a bimodal microstructure, the temperature is heated up above the 
complexion transition temperature to transform a desired portion of the grain boundaries. 
Next, drop the temperature to below the equilibrium complexion transition temperature 
(Tc) to inhibit additional nucleation events. By varying annealing time and temperature, 
the fraction of the transformed boundaries can be controlled. The illustration of the heat 
treatment process in general is shown in Figure 6. 12. The representative heat treatment 
curve processed at 1600°C for 2 hrs and the corresponding bi-modal microstructure is 
shown in Figure 6. 13. The microstructure contains “small” and “large” grain populations 
with average grain sizes of 0.5 µm and 10 µm, respectively. 
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Figure 6. 12 Schematic illustration of a potential heat treatment pathway to produce 
bimodal microstructure. 
 
 
 
 
Figure 6. 13 Schematic showing (a) a heat treatment path (overlaid on complexion TTT 
diagram of Eu-doped spinel) and (b) corresponding bi-modal microstructure. 
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6.3.1.3 Single crystal conversion  
 
The heat treatment procedure to obtain a single crystal involves the nucleation and 
growth process of a single abnormal grain. Figure 6. 14 illustrates a potential heat 
treatment curve to produce a single crystal. By design, the heat treatment is first ramped 
up to a temperature that narrowly crosses the start of the complexion transformation line 
in order to nucleate a single abnormal grain. The sample will then be immediately cool to 
just above the equilibrium complexion transition temperature (Tc) to grow the nucleated 
abnormal grain. At this temperature, theoretically, all grain boundaries will not transform 
to higher-order complexion and the abnormal grain will able to consume the small matrix 
grains of the microstructure.  
 
 
Figure 6. 14 Schematic illustration of a potential heat treatment pathway to nucleate an 
abnormal grain and grow a single crystal.  
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Two heat treatment pathways were experimentally examined in this work. The 
first route is shown in Figure 6. 15. The Eu-doped spinel sample was first heated up to 
high temperature and held for short time (1600°C for 5 minutes). Multiple abnormal 
grains with the grain size less than 5 µm were observed as shown in Figure 6. 15(b). The 
temperature is then dropped to 1420°C and kept on for 20 hrs. This temperature is above 
the equilibrium complexion transition temperature (Tc) and below the starting line of the 
complexion transformation according to the complexion TTT diagram of Eu-doped 
spinel. Figure 6. 15(c) shows a large-grain island cluster with a size up to 45 µm. To 
grow a 1mm single crystal from this process, it will take about 20 days. 
The second route is to nucleate an abnormal grain at a relatively low temperature 
and hold it for longer time (1500°C for 2 hours) as shown in Figure 6. 16. Even though 
multiple abnormal grains were observed (Figure 6. 15(b)), the number and size of 
abnormal grain is less than those from the first route. At low temperature, the driving 
force is lower and the nucleation barrier is high, leading to low rate of nucleation. 
Therefore, low temperature provides better control in terms of initiating a single 
abnormal grain. After the nucleation process, the temperature is dropped to 1420°C and 
held for 20 hrs. The resulting microstructure is shown in Figure 6. 16 with the large-grain 
island cluster with the size up to 25 µm.  
Although a single crystal was not achieved in the present work, the results were a 
promising indication that there is potential of converting a single crystal from a 
polycrystal by exploiting the complexion TTT diagram. It is expected that the grain will 
grow larger as the annealing time increases.  
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Figure 6. 15 Schematic showing (a) a heat treatment path (overlaid on complexion TTT 
diagram of Eu-doped spinel) and (b) nucleated abnormal grains annealed at 1600°C for 5 
minutes and (c) large-grain island cluster growing in the microstructure. 
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Figure 6. 16 Schematic showing (a) a heat treatment path (overlaid on complexion TTT 
diagram of Eu-doped spinel) and (b) nucleated abnormal grains annealed at 1500°C for 2 
hours and (c) large-grain island cluster growing in the microstructure. 
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6.3.2 Discussions 
 
The results illustrate that complexion TTT diagrams can be exploited to design 
effective heat treatment processes to produce sub-micron grain materials, bi-modal 
microstructures and large-scale single crystals. The final microstructure strongly depends 
on whether the complexion transformation line is crossed. For instance, if the heat 
treatment temperature slightly crosses the transformation line before holding at a 
temperature lower than Tc, the microstructure could change from a coarsening-limited 
microstructures to a single crystal.  
Moreover, this novel approach to produce sub-micron grain materials can 
potentially explain the mechanism of the two-step sintering method proposed by Chen et 
al. 74. Two-step sintering is a method for producing fined grain (potentially nanograin) 
ceramics without final-stage grain growth. The process starts with an initial sintering at a 
high temperature and followed by a prolonged annealing at a lower temperature. Chen et 
al. claimed that the grain growth at lower temperature is hindered by the pinning effect of 
triple junctions. The current work provides an alternative explanation of two-step 
sintering. In the first sintering step at high temperature, the heat treatment time ends 
before crossing the starting line of the complexion transition to inhibit grain growth. The 
second step corresponds to the temperature below Tc, where the low temperature grain 
boundary complexion takes place. At this temperature, the grains grow relatively slowly 
without undergoing complexion transition. 
Regarding solid-state single-crystal conversion, the heat treatment proposed in 
this work exploits complexion-TTT diagrams to control the nucleation and growth of 
abnormal grains via a complexion transition. This approach has advantage over other 
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solid-state conversion concepts such as solid-state single crystal growth (SSCG) 
described by Kang et al. 15, which require a seed crystal to initiate the conversion process. 
This approach does not require a seed crystal; it exploits complexion-TTT diagrams to 
determine the conditions for nucleating a single abnormal grain within the microstructure. 
The ability to engineer three significantly different microstructures from the same 
starting material is also technologically very advantageous. Each microstructure class 
provides useful properties: single crystal often provides unique properties (i.e. 
mechanical, optical and electrical) for a variety of applications such as armor, 
piezoelectrics, lasers, light emitting diodes 11–13,75. a bimodal microstructure in many 
materials can enhance toughness as compared to a microstructure with a unimodal grain 
size distribution, and ultra-fine grain ceramics can have higher strength and ductility as 
compared to coarse-grained materials 76. 
 
. 
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6.5 Conclusion 
 
This experimental study demonstrated that grain-boundary complexion transition 
kinetics can be represented on a complexion TTT diagram in Eu-doped spinel in which 
grain-boundary complexion transitions result in abnormal grain growth. This complexion 
TTT diagram can be used to achieve desirable microstructures by decisively selecting 
heat treatment pathways. Complexion transitions should be avoided to obtain coarsening-
limited microstructures, while controlled complexion transitions are favorable in 
producing a bimodal microstructure. Single crystal conversion may be possible via 
controlled abnormal grain growth to nucleate a single abnormal grain. 
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Chapter 7 
 
 
Conclusions and Future work 
 
 
 
 
 
 
 
7.1 Summary of conclusions 
 
The conclusions that can be drawn from the experimental work are summarized in 
this chapter. The first part of the current work was to gather evidence of complexion 
types and complexion transitions in Eu-doped spinel. A comprehensive investigation of 
grain boundary structures, grain boundary mobility and grain boundary plane distribution 
was conducted. Here is the evidence for complexion transitions in Eu-doped spinel: 
1. Three different types of segregation behaviors were observed in a 
temperature range of 1400 °C-1600°C. Each complexion type 
identified had different grain boundary mobility, leading to an abrupt 
change in grain boundary mobility with complexion transitions. 
2. There is a change in grain boundary plane distribution from nearly 
isotropic to a significant preference for {111} grain-boundary planes 
after complexion transition. 
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3.  The relative grain boundary energies were lower in Eu-doped spinel 
samples compared with the undoped sample. The reduction of energy 
is due to europium segregation at the boundaries. 
 
The second part of the current work was to establish  a complexion TTT diagram 
by systematic study of the time and temperature dependence of grain boundary 
complexion transitions. It was concluded that a range of complexion transformation 
temperatures was caused by grain boundary anisotropy, which varies for different crystal 
structures. Moreover, the results highlighted that a complexion TTT diagram can provide 
precise control over the complexion transition kinetics and can be used to design 
optimized heat treatments. 
 
7.2 Impacts 
 
Many studies have been attempted to better understand the thermodynamics of 
grain boundary complexion transitions in various materials, but very few have focused on 
the kinetics of complexion transition. The current work has presented the kinetics of 
complexion transitions in the form of a complexion TTT diagram, which can provide a 
quantitative understanding of the kinetics as a function of time and temperature and the 
nucleation and growth process of grain boundary transitions. With this knowledge, it has 
allowed us to gain an insight into the possibility to tailor and control the microstructure 
and properties of materials by inducing grain-boundary complexion transitions.  
  
 113
For instance, nanograin materials exhibit superior properties 77,78 ( i.e. higher 
hardness, ductility) over coarse-grained materials. However, the ability to produce and 
stabilize nanograin materials is very challenging. The advantage of using a complexion 
TTT diagram is that it can define the heat treatment condition for stabilizing fine-grained 
(possibly nanograined) structures. 
 
7.3 Future work 
 
The current work was mainly focused on one europium dopant concentration on 
complexion type and its transition. To better understand the effect of the dopant on the 
complexion transitions, various dopant concentrations will be essential. Higher and lower 
dopant concentrations could affect the segregation behavior and initiate different 
complexion transitions at the grain boundary. Moreover, research into the effect of other 
rare earth dopants should be considered for future work. For example, lantanum (La), 
which is the largest ionic radius in the lanthanide elements, could significantly affect the 
microstructure in a different way. 
Another suggestion for future work is to investigate the grain boundary structure 
more extensively by HAADF-STEM. The current work has demonstrated that the bilayer 
complexion that exists in the small grain-small grain boundaries could be related to the 
propagation mechanism of abnormal grain growth. In order to prove this hypothesis, 
intensive study on more boundaries is suggested.  
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In term of kinetics studies of complexion transitions, there are several open 
questions that need to be answered, since this field is still in its infancy. An 
understanding of the nucleation and growth of complexion transitions is very crucial 
because abnormal grain growth is a delayed indicator of a complexion transition. Other 
potential techniques such as impedance measurements 79–81, raman spectroscopy 82,83 and 
calorimetry 84 may be better able to detect a complexion transition when it exactly starts. 
Computer simulation is one of the useful tools for investigating the kinetics of 
complexion transitions and resulting microstructures at longer time scales.  
Moreover, in the current study, the evolving area fraction of abnormal grains was 
used to measure the fraction of grain boundaries that have undergone a complexion 
transition. This method is reasonably applicable but not ideal. More accurate quantitative 
partitioning suggested for future works would involve fitting the entire grain size data 
with relevant distribution functions such as the log-normal distribution and determine the 
individual area fractions. 
Regarding to heat treatment design for single crystal conversion, after nucleating 
a single abnormal grain in the nucleation process, heat-treating the sample just below the 
transformation line at various temperatures could maximize the growth rate of a single 
crystal.  
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